Two-dimensional simulator models are presented for microwave diagnostics. The models assume the Maxwell wave equation coupled with the equation of plasma current density in a cold magnetized plasma, which can describe propagation, reflection, and cross polarization scattering of the ordinary and extraordinary modes. The effects of waveguide for the microwave launcher and wall boundary of the vacuum vessel are included in the models. The simulations of ultrashort-pulse reflectometry with the use of incident subcyclic ordinary modes in the models are performed to test the problem of density profile reconstruction.
I. INTRODUCTION
Microwave diagnostics such as reflectometry [1] [2] [3] [4] and cross polarization scattering [5] [6] [7] are recently receiving growing attention in magnetic confinement fusion research. In order to obtain a better understanding of plasma confinement physics, more detailed measurements on plasma profiles and fluctuations might be required. Recently, Domier et al. 8 have proposed a new type of microwave reflectometry ͑called ultrashort-pulse reflectometry͒ with the use of subcyclic microwave pulses, expected as a near-coming diagnostic. A subcyclic pulse can be considered as a set of many monochromatic plane waves with different frequencies which have different cutoff densities, therefore the ultrashort-pulse reflectometry has the potential to measure precisely the profiles and fluctuations with respect to plasma density and magnetic field by only a single pulse. The theoretical studies on this ultrashort-pulse reflectometry have also been done by Cohen et al. [9] [10] [11] and Hojo et al. 6, 12 In this article, we present two-dimensional simulator models to investigate microwave diagnostics such as reflectometry and cross polarization scattering in magnetically confined plasmas. Using these models, we perform the simulations of ultrashort-pulse reflectometry with the use of subcyclic ordinary modes, and then test the problem of density profile reconstruction in these models. In the Sec. II we describe the simulator modeling, and in Sec. III we show the simulation results on ultrashort-pulse reflectometry in these models. The summary is presented in Sec. IV.
II. SIMULATOR MODELING
In this section, we describe two-dimensional simulator models for microwave diagnostics. Two models ͑the XZ and XY models͒ shown in Fig. 1 are considered, and both models roughly image the central cell of the tandem mirror GAMMA 10 at the University of Tsukuba. The basic equations to be solved are the Maxwell wave equation for the electric field E and the equation for the current density J as follows:
where c is the speed of light, pe (ϭͱe 2 n/m e ⑀ 0 ) the electron plasma frequency, Ϫe the charge of the electron, m e the electron mass, n the plasma density, ⑀ 0 the permittivity of vacuum, and B 0 the external magnetic field. In the derivation of Eq. ͑2͒, we assumed that the current density is approximated as JϭϪenv e , v e being the electron flow velocity, as we consider electromagnetic waves in GHz range. The above coupled equation can describe the ordinary ͑O͒ and extraordinary ͑X͒ modes. When B 0 ϭB 0 ẑ, ẑ being the unit vector in the z direction, E z denotes the O mode, and E x and E y correspond to the X mode. We assume conducting walls for the vacuum vessel and waveguide as the boundary condition of FIG. 1. Two-dimensional simulator models ͑XZ and XY͒. In the simulations of ultrashort-pulse reflectometry, the uniform magnetic field B 0 is in the z direction, and the density profile is Gaussian in the x direction ͑XZ model͒ and in the x and y directions ͑XY model͒.
Eq. ͑1͒, and also assume the boundary condition that the electric field E is outgoing on both sides of the vacuum vessel in the XZ model. In the present XZ model, the outgoing condition for the wave electric field is satisfied by the institution of wave absorbing layers on both sides of the vacuum vessel.
As the electromagnetic waves are in the GHz range, any fluctuations in MHz or the lower-frequency range can be treated to be static. If we intend to include such frozen fluctuations of the plasma density and magnetic field into Eqs. ͑1͒ and ͑2͒, we have only to replace n and B 0 in Eqs. ͑1͒ and ͑2͒ by nϩ␦n and B 0 ϩ␦B, respectively, where ␦n and ␦B denote the frozen fluctuations. In this case, we see that the Lorentz force term Jϫ␦B in Eq. ͑2͒ drives the cross polarization scattering between the O and X modes due to magnetic fluctuations. 
III. ULTRASHORT-PULSE REFLECTOMETRY
In this section, we study ultrashort-pulse reflectometry with use of the O mode pulse. [8] [9] [10] [11] [12] [13] The electric field of the incident O-mode pulse in a waveguide obeys a wave equation, for example, in the XY model, as follows:
͑3͒
The subcyclic pulse solution of Eq. ͑3͒ for the O mode is given by 
where (‫ץ/ץ‬tϩc‫ץ/ץ‬x)F(x,t)ϭ0 is assumed as the initial condition at tϭ0. Hereafter, we assume the incident O-mode pulse with the pulse width p ϭ33 ps and kϭ/5 cm
Ϫ1
, where the width of waveguide is set to 5 cm. The waveguide modes in the XZ model can be obtained in a way similar to Eqs. ͑3͒ through ͑5͒. We also assume the equilibrium density profile as n(x)ϭn 0 exp͕Ϫ͓(xϪx 0 )/L͔ 
Ϫ3
. We now analyze the density profile reconstruction by the measurement of the O modes reflected at the cutoff. Following Ref. 9, the time delay ͑͒ for a reflected wave with a frequency observed just in front of the wave guide ͑i.e., at xϭzϭ0 in the XZ model and at xϭyϭ0 in the XY model͒ is given by
where x r is the reflection point which is determined by the cutoff condition ϭ pe (x) and v g is the group velocity of the O mode. From the Abel inversion of Eq. ͑6͒, we obtain, for the reflection point 
͑7͒
Then we can reconstruct the density profile n(x) by measuring the time delay ͑͒ of the reflected wave with the frequency . The time delay ͑͒ of the reflected wave is computed by use of the peak counting method 12 which is similar to the zero crossing method discussed in Ref. 9 .
In Fig. 2 , we show the wave patterns of the electric field E z (x,z,t) of the O mode at tϭ1.6 ns ͑a͒ and tϭ3.2 ns ͑b͒ in the XZ model. The dashed lines show the contour of the density profile. In Fig. 3 , we show the temporal behavior of the electric wave field E z (t)/E 0 of the O mode at xϭzϭ0 in the XZ model. In the figure, the earlier signal shows the incident pulse and the later signal denotes the waves reflected at the cutoff. From these reflected wave signals, we obtain the time delay ͑͒, and then by using Eq. ͑7͒ we can reconstruct the density profile n(x). The reconstructed profile in the XZ model is shown in Fig. 4 by closed circles, where the solid line denotes the original density profile. We see that the reconstructed density profile coincides well with the original one.
In Figs. 5 and 6, we show the temporal behavior of the electric wave field E z (t)/E 0 of the O mode at xϭyϭ0 and the result of the density profile reconstruction, respectively, in the XY model. In this case, we also see that the reconstructed density profile coincides well with the original one.
IV. SUMMARY
We presented here two-dimensional simulator models to investigate microwave diagnostics in magnetically confined plasmas. Using these models, we performed the simulations on ultrashort-pulse reflectometry with the use of subcyclic O-mode pulses, and then analyzed the density profile reconstruction. We found that the reconstructed density profile coincides well with the original one in both XZ and XY models.
The simulations of magnetic field reconstruction by using X-mode reflectometry and cross polarization scattering diagnostics based on these models will be our next task.
